One of the key problems in studying alloy nanoparticle catalysis is their surface morphology and segregation behavior. We have developed an accurate embedded atom method ͑EAM͒ potential and employed it in the simulation of PdAu metal alloy nanoparticles. The potential was parameterized based on an extensive set of density-functional-theory ͑DFT͒ calculations of metal clusters in addition to bulk-alloy properties. The EAM potential accurately reproduces DFT energies of both bulk PdAu alloys and small nanoparticles. We utilized the developed EAM potential in a Monte Carlo simulation of PdAu nanoparticles ranging from 55-atom ͑ϳ1 nm͒ to 5083-atom particles ͑ϳ4.5 nm͒. The effects of different factors ͑particle size, temperature, and composition ratios͒ on the segregation behavior of PdAu alloy are examined. Our simulation results quantitatively reveal the extent of surface segregation and a strong dependence of surface morphology on the nanoparticle size.
I. INTRODUCTION
Bimetallic nanoparticles ͑NPs͒ have been widely used in applications such as electrochemistry and surface catalysis. Large surface areas and properties due to quantumconfinement effects have attracted great interest in the nanoparticle research community. Bimetallic nanoparticles enable additional engineering flexibility in reactivity control through doping or alloying. Higher activity of bimetallic systems can be achieved via bifunctional mechanism, 1 electronic effects, 2, 3 or geometric ensemble effects. 4, 5 Recently, it has been shown that PdAu bimetallic nanoparticle catalysts exhibit good stability and excellent reactivity toward a number of chemical reactions, such as aromatics hydrogenation, 6 CO oxidation, 4, 7 and vinyl acetate synthesis. 5 Furthermore, it has been demonstrated experimentally that ensemble patterns ͑e.g., Pd atom cluster on surface͒ play a key role in the catalytic reactivity of bimetallic surfaces. 4, 5, 8 Therefore, a detailed atomistic understanding of nanoparticle surface morphology will greatly benefit the design and optimization of alloy nanoparticle catalysts.
Over the years, density-functional-theory ͑DFT͒ calculations have been extensively used to study the electronic and catalytic properties of alloy nanoparticles. Such approach has led to considerable progress in the fundamental understanding of nanoparticle catalysis. 3, [9] [10] [11] However, in practical catalyst systems, the average number of atoms in a catalyst particle usually goes well beyond a thousand, making direct first-principles DFT calculations prohibitively expensive. 12 To overcome the size limitation of DFT method and to apply atomistic simulations of segregation, defects, diffusion to systems with large number of atoms, many empirical methods have been developed by approximating the fast moving electrons as an "effective medium" and only dealing with the slower movement of the ions. [13] [14] [15] [16] [17] This provides a highly efficient method of calculating the energetic and structural properties of atomistic systems. The embedded atom method ͑EAM͒ is the most common and successful model in describing atomic bonding in metallic systems. 13, 14, 18 However, when applied to metallic nanoparticles, EAM potentials that are parameterized to bulk material properties generally do not reproduce accurate binding energies since metal atoms in nanoparticles experience different local environment. Recently, some efforts toward predicting a more accurate binding energy for nanoparticles have been made by including additional parameters to reflect the local asymmetric charge distribution. 19 In this paper, we report an extension of EAM potentials to small nanoparticles and specifically address PdAu alloy systems. This is made possible by refining the original EAM embedding and cross-pair functionals, as well as incorporating additional geometric and energetic properties of nanoparticles from first-principles calculations into parameterization. Data sets that are used for EAM parameterization include bulk material properties, slab energies, and cluster energies ͑from dimers to 147-atom cluster͒, all calculated within DFT framework and at the Perdew-Burke-Erzernhof ͑PBE͒ functional level. 20 The parameterized EAM potentials of the metals and alloys reproduce faithfully energies of nanoparticles down to several atoms in size. The parameterized Pd-Au cross-pair potential also agrees well with alloy heats of formation for PdAu alloy nanoparticles. As an example of the utilization of the developed EAM potential, we carried out Monte Carlo ͑MC͒ simulations of PdAu alloy nanoparticles ranging from 55-atom ͑ϳ1 nm͒ to 5083-atom ͑ϳ4.5 nm͒. We demonstrate how factors such as temperature, particle size, and the alloy composition ratio influence surface concentration of the constituent metals. The statistical analysis of monomer and dimer distribution on different metal facets shows how catalytically active sites change under different conditions. The availability of a highly accurate EAM alloy potential would facilitate a better understanding of alloy nanoparticle properties and their application in catalysis.
II. THEORETICAL METHODS
We briefly describe in the following sections the procedures we have used in the DFT calculations, EAM param-eterization for pure elements and alloys, and the MC simulations of different sized PdAu nanoparticles.
A. Density functional theory
Self-consistent DFT calculations was carried out with Perdew-Burke-Ernzerhof ͑generalized gradient approximation of the exchange-correlation functional, which has been shown to give accurate results for a variety of molecular energies and structures. 20 The VIENNA AB INITIO SIMULATION PACKAGE ͑VASP͒ was used for the calculations. 21 The KohnSham single-electron wave function was expanded by plane waves with an energy cutoff of 400 eV, which is tested to give good convergence for total system energies. The geometry optimization was terminated when the HellmannFeynman force on each atom was less than 0.05 eV/ Å. A 9ϫ 9 ϫ 9 k-point mesh was used to sample the first Brillouin zone of bulk palladium and gold. The DFT optimized lattice constants for Pd and Au were 3.95 and 4.18 Å, in good agreement with experimental values of 3.89 and 4.08 Å. 22 The total-energy curves for unit-cell distortions corresponding to elastic constants ͑C 11 , C 12 , C 44 ͒ were calculated by employing suitable lattice distortions of the unit cell. 23 The heats for formation of PdAu alloy were calculated assuming L 10 intermetallic structure for 1:1 composition ratio and L 12 intermetallic structure for 1:3 and 3:1 composition ratio PdAu alloy, respectively.
For PdAu alloy surface properties we have used a p͑2 ϫ 2͒ surface cell with four metal atoms per layer. The metal slab consists of three layers, with pure Pd atoms as the bottom layer fixed at their crystallographic bulk lattice positions, and the rest of the atoms free to relax in all directions. After excluding geometries related by symmetry, a total of 33 unique configurations with different composition ratios of Pd and Au for the first two layers were considered. An example of all nine possible configurations with four Pd atoms and four Au atoms in the first two surface layers is shown in Fig. 1 . A 4ϫ 4 ϫ 1 k-point mesh was used and a vacuum layer of 11 Å was introduced to separate the slab images in the z direction.
Beside the bulk and surface properties, we have also calculated the energies of a series of nanoparticles to be included in the parameterization of the EAM potential. These nanoparticles have metal atoms sitting on vertex and edge sites that have significantly lower electron density than that in a bulk site. For pure metals, we have calculated the energies of clusters ranging from dimer to 147-atom cluster ͑Fig. 
B. Embedded atom method for nanoparticles
Embedded Atom Method is a local environmentdependent interatomic potential, that is, particularly effective in describing metallic systems. 13, 14, 18, 24, 25 The coarse graining of valence electrons to interatomic bonding also makes it computationally efficient to handle systems with large number of atoms, such as film growth 24, 25 or nanoparticle segregation. 26, 27 The EAM total energy of an N-atom system can be expressed as a sum of embedding energy and a pairwise interaction energy,
where R 1 , ... ,R N denote the atomic coordinates of N atoms in the system and F is the embedding function representing the energy of embedding an atom in a host electron density . represents the pairwise interactions between neighboring atoms located at R i and R j . The host electron density i is a summation of the spherically symmetric electron-density contributions from neighboring atoms i = ͚ j i j ͓R ij ͔. The most common way of devising the embedding function and pair potentials is to fit some physically reasonable functional forms to materials properties such as lattice constant and cohesive energies. Many proposed functional forms for embedding energies and pairwise interactions work reasonably accurately for predicting the total energy of bulk systems. 16, [28] [29] [30] We adopted Zhou's parameterization scheme with slight modifications for our EAM potential scheme. 24, 29 An additional spline function is added for the embedding function in the low electron-density region from m to n to capture the low electron-density environments in nanoparticles. The explicit functional forms for F͑ i ͒, ͑R ij ͒, and i are given in Eqs. ͑2͒-͑4͒, respectively.
Ͱ.
͑4͒
The embedding function F͑ i ͒ has the form of cubic equations. Adjustable parameters, F mi , F ni , F i , F e , and ensure good agreement between EAM-and DFT-calculated cohesive energies, bulk modulus, and size-dependent cluster energies. The numerator part of the pairwise interaction ͑R ij ͒ in Eq. ͑3͒ is a generalized two-body Morse potential combining short-range repulsive exponential and long-range attractive exponential. r e is the nearest-neighbor distance and A , B , ␣ , ␤ are adjustable parameters. The denominator in Eq. ͑3͒ is a cutoff term so that ͑R ij ͒ approaches zero as R ij increases from the cutoff range. The cutoffs for the repulsive and attractive interactions are determined by parameters and , respectively. Downhill simplex method is used for the optimization of adjustable parameters in the functionals. 31 The target function for optimization is the norm of residual between DFT and EAM energies across a set of geometries that includes bulk, surface slabs, and clusters. For Pd-Au crosspair potential, we have used the same functional form as Eq. ͑3͒ but reparameterized it to fit PdAu alloy properties. We found that such a scheme yields same or better results than considering a weighted average of twobody pairwise interaction of respective metals. 16, 30 Furthermore, since the value of f e has no effect on any of the elemental property of metals, we fine tuned the ratio of f e between Pd and Au to achieve best agreement with the alloy DFT data.
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C. Monte Carlo simulations
In order to probe the segregation properties of PdAu nanoparticles of different sizes, and composition at different temperatures, we have carried out Monte Carlo simulations by initially creating a random distribution of palladium and gold atoms throughout the nanoparticle. The lattice constant for the alloy is estimated from Vegard's law and kept fixed in the simulation. A particular atom is then selected at random and exchanged with another randomly chosen atom of different type. The energy of nanoparticle before and after the exchange is then calculated using the parameterized EAM potentials. If the resulting change in total energy ͑⌬E͒ is negative, the configuration is accepted. However, if the change in total energy is positive, the configuration is accepted only if exp͑−⌬E / kT͒ is greater than a random number selected from a uniform distribution. 33 This procedure is repeated for over million steps for each of the cases we studied. At finite temperatures, the final morphology of the particle is obtained by taking a statistical average of the MC snapshots in the last 10 000 steps, where it has already reached equilibrium. and morphology of the metal distributions in the alloy nanoparticles. It is worth noting that due to the size effect on melting temperature, those small diameter nanoparticles are likely to melt at much lower temperature than the maximum simulation temperature of 1273 K ͑Ref. 34͒ and our conclusion only holds for PdAu alloy nanoparticles up to their melting temperature. Based on liquid drop model, 35 our highest simulation temperature of 1273 K is comparable to the melting temperature of the 5083-atom PdAu nanoparticle.
III. RESULTS AND DISCUSSION
A. DFT calculations and EAM parameterization
The parameterized EAM gives accurate results for both the bulk and nanoparticle energies. Figures 4͑a͒ and 4͑b͒ show the comparison between DFT and EAM energies for bulk Pd. The dots in these figures represent DFT data points and the solid curve represents the results from parameterized EAM calculations. It can be seen that the EAM potential faithfully reproduced all the bulk properties, such as the lattice constant, cohesive energy, and shear distortion. Figure  4͑c͒ shows the average binding energy per atom as the size of the cluster decreases. Conventional EAM scheme fitted to bulk properties alone does not describe the energies of small clusters well. 19 By adding an additional spline in the low electron-density region and incorporating the cluster energies directly into the fitting procedure, our EAM gives quantitatively accurate results for the energies of nanoparticles. The linear line in Fig. 4͑d͒ with a correlation coefficient ͑R 2 ͒ of 0.99 demonstrates the good correlation between EAM and DFT energies for both Pd in bulk and cluster environment. The parameterized EAM potential hence, predicts accurately not only energies of metal clusters with interatomic distances fixed at bulk lattice constant ͓"fixed clusters" in Fig. 4͑d͔͒ , but also energies of relaxed clusters ͓"relaxed clusters" in Fig. 4͑d͔͒ . We have followed the same protocol in fitting the EAM potential for Au. In both cases, R 2 between DFT data and EAM is larger than 0.98, indicating excellent correlation and good quality of the EAM potential for both metals. The parameters for pure Pd and Au are tabulated in Table I and the corresponding electron density ͑͒, embedding function ͑F͒, and pairwise interaction ͑͒ are plotted in Figs. 5͑a͒-5͑c͒, respectively.
The segregation of one particular metal to the surface is not uncommon in alloy nanoparticles and it can have profound impact on catalysis since surface atoms are primarily responsible for catalytic reactions. Au, being a noble metal, has smaller surface energy than Pd, and is expected to segregate to the surface so that total energy of the system is minimized. The negative heat of formation of PdAu alloy act as a compensating factor and tends to promote PdAu mixing rather than having them completely phase separate. The final morphology of the PdAu nanoparticle is therefore, a balance of these two competing mechanisms. It is worth noting that energetics of segregation to edge and vertex sites on nanoparticles can be quite different from segregation to a flat surface.
Figure 5͑d͒ depicts alloy heat of formation for 1:3, 3:1, and 1:1 PdAu alloy as a function of lattice constant. DFT calculations correctly predict the negative heat of formation for PdAu alloy as evidenced by the negative heat of formation at equilibrium lattice distances. The parameterized EAM alloy potential is also reasonably accurate for predicting the alloy heat of formation. To accurately describe the segregation of metal to the flat surface, DFT energies of the 33 distinctive PdAu slabs with different segregation configurations were calculated ͑a subset is depicted in Fig. 1͒ . Each connected line segment on Fig. 5͑e͒ represents all the possible configurations for a fixed PdAu stoichiometry. Within each line segment, the configuration is ordered by the number of Au atoms on the surface in ascending order. From this set of data, it can be seen that Au segregation to the surface is energetically most favorable. The solid squares, which rep- resent EAM calculations, closely follow the DFT data points ͑solid circles͒ and confirm validity of EAM values.
To further validate the robustness of the cross-pair potential, we compared the energies of a 55-atom Pd 43 Au 12 nanoparticles with different segregation profiles ͑Fig. 3͒. The bottom left point on Fig. 5͑f͒ corresponds to the Pd 43 Au 12 particle, where all the 12 Au atoms are segregated to the surface, while the top right point represents the case where all the 12 Au atoms are encapsulated within the nanoparticle. The intermediate points represents the configurations with partial Au segregation to the surface. Even though the slope for the correlation in Fig. 5͑f͒ slightly deviates from unity since the synergetic alloying effect is not accurately captured by EAM, the energy ordering between particles with different segregation profiles is still in exact agreement with the DFT result. Thus the parameterized EAM potential is capable of describing the metal segregation in nanoparticles with reasonable accuracy.
B. MC simulation of PdAu nanoparticles
The Pd-Au EAM potential described in previous section has been shown to give accurate results for segregation to surfaces, edge, and vertex. Herein, we employed the EAM potential to carry out Monte Carlo simulations to study how different factors such as temperature, particle size, and composition ratios would change the surface concentration of respective metals in PdAu alloy nanoparticles.
Figures 6͑a͒ and 6͑b͒ compare the segregation in PdAu nanoparticles with different composition ratios. Figure 6͑a͒ represents a Pd-rich nanoparticle ͑Pd 0.9 Au 0.1 ͒ while Fig. 6͑b͒ represents a PdAu alloy nanoparticle with 1:1 composition ratio. Layer by layer oscillation in concentration has been observed, where the outmost nanoparticle layer is Au rich while the sublayer is Pd rich. 26 This layering effect is consistent with the lower surface energy of Au and the negative PdAu heat of formation as shown in Fig. 5͑d͒ . For the current study, we focus on the surface layer since it is most relevant to active sites in catalysis. It can be seen that the surface concentration of Au is significantly enriched as compared to its bulk composition ratio in both cases. The surface composition of small particles is especially resistant against temperature effect. This is primarily due to the fact that small nanoparticles are dominated by vertex and edge atoms, where Au and Pd atoms have larger energy differences at those site. From Fig. 5͑e͒ , we can estimate the Au segregation energy to surface to be around 0.35 eV from the energy difference between two configurations of Pd 7 Au 1 . However, the estimated Au segregation energy to vertex site from the energy difference between configurations of 12 Au on vertex and 12 Au at interior ͓Fig. 5͑f͔͒ is around 0.72 eV. Due to this larger energy difference, even the highest temperature we studied ͑1273 K͒ is not enough to invert the surface Au concentration. Thus it can be concluded that small PdAu clusters would remain Au segregated under temperature below their melting point. For larger nanoparticles, on the con- trary, we do see a significant decrease in surface Au concentration at higher temperatures.
The surface Pd concentration enrichment with respect to temperature is most significant for PdAu alloys with Au concentration in the 25-50 % ratio. High Au concentration leads to a Au-passivated surface irrespective of the temperature, while in low Au concentration alloys, the surface concentration change is limited by the amount of Au available. Figures  6͑c͒ and 6͑d͒ show the segregation versus particle size at T = 273 and 1273 K, respectively. For Au-rich nanoparticles, the surface forms monolayer of Au. In the Pd-rich particles, we see an initial sharp increase in the Au concentration followed by an asymptotic plateau. Since the maximum number of surface Au atoms cannot exceed total number of Au atoms in the alloy, which is applicable to Pd-rich alloys, we can expect the surface Au concentration to follow a N 1/3 curve with respect to the total number of atoms. This analysis quantitatively agrees with the results for Pd-rich nanoparticles in the lower portion of Figs. 6͑c͒ and 6͑d͒.
Figures 6͑e͒ and 6͑f͒ show the segregation behavior of nanoparticles ͑from a 55-atom nanoparticle to a 5083-atom nanoparticle͒ with different alloy composition ratios. The diagonal line across the graph indicates no segregation scenario while the other dotted line shows the maximum possible degree of segregation as permitted by the number of available Au atoms in the particle. It is clear from both these plots that for small nanoparticles, the Au atoms fully segregate to the surface until it reaches a full monolayer. The degree of segregation is less pronounced in large nanoparticles, where the negative heat of formation of PdAu keeps a fraction of Au intermixed in the nanoparticle to maintain its energetically favorable equilibrium structure. An entropic effect can be seen for 5083-atom NP where the concentration of Au on the surface continually decreases as a function of temperature.
Our statistics on the distribution of Pd monomers and dimers on the 5083-atom PdAu nanoparticle surface show that even though entropic effect has been seen for both PdAu alloys with 1:1 or 3:1 ratio, the change in Pd monomers and dimers distributions is quite different. Figure 7͑a͒ labels different types of monomers and dimers on the nanoparticle surface and their distribution is plotted as a function of temperature for PdAu and Pd 3 Au 1 composition in Figs. 7͑b͒ and 7͑c͒. As can be seen from the graph for PdAu 5083-atom NP, the total Pd atom concentration increase on the surface with increasing temperature is primarily due to the increase of ͑100͒ monomers and large Pd ensembles ͑islands containing three Pd atoms or more͒, while the number of ͑111͒ monomer remains roughly constant. In the case of Pd 3 Au 1 NP, however, the concentrations of both monomers and dimers decrease with temperature. This decrease is because of the high concentration of Pd within the particle. Significant amount of Pd atoms are present on the surface even at low temperatures and more Pd segregation to the surface at elevated temperatures leads to the formation of large Pd ensembles. In both nanoparticles, vertex and edge sites are primarily dominated by Au atoms. Recently, it has been shown that Pd monomer or dimers are critical ensembles for enhanced reactivities. 4, 5 With a good understanding of reactivity of these different ensembles on the surface, our EAM potential and MC simulation will prove to be a useful tool in designing alloy nanoparticles with better reactivity.
IV. CONCLUSIONS
We have developed and parameterized an accurate EAM potential for the modeling of PdAu alloy nanoparticles. The potential yields accurate results for both the bulk properties and nanoparticle energies. We have used the EAM potential in studying the segregation behavior of PdAu nanoparticles with different sizes and composition ratios under different temperatures. Our MC simulation indicates an almost full segregation of Au to the surface in small nanoparticles. In large nanoparticles, the statistical distribution of Pd monomers and dimers depends on both temperature and composition ratios. The influence of different factors have been presented and discussed to give insight into PdAu nanoparticle segregation.
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